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The reaction of (dppBIAN)FeCl, with 3 equivalents of n-BulLi
affords a catalytically active anionic Fe complex; the nature of the
anionic complex was probed using EPR and IR experiments and is
proposed to involve a dearomatized, radical, ligand scaffold. This
complex is an active catalyst for the hydrosilylation of esters to
afford alcohols; loadings as low as 1 mol% were employed.

Introduction

Transformation of organic molecules into compounds of
increased value, as synthetic intermediates or as final products,
is often achieved by employing transition metals as catalysts."
In recent years the ability of main group elements,” and organo-
catalyts® to effect similar catalytic transformations has also
been explored. Although there are many important aspects of
catalyst design, recent advances in the rational application of
metal-ligand cooperativity have proven highly successful. For
example, as a metal center typically undergoes oxidation state
changes during catalysis, redox-active ligands assume an
increasingly significant role in stabilizing the metal at variety of
oxidation states to prevent the degradation of the catalyst.”
Transition metal catalysis now encompasses a huge range
of metals and ligand-types which have been successfully
applied in catalysis.>"” One such class is the ‘redox non-inno-
cent’ ligand; whereby the ligands themselves participate in
mediating the catalysis via action as either electron donor or
acceptor in concert or independently from the metal. This non-
innocence is useful as oxidation states, which are not common
or unconventional, are avoided. Redox non-innocent ligands
derived from diimine backbones and complexation with tran-
sition metals have been extensively studied and are well docu-
mented in the literature.® The applications of these complexes
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in catalysis have shown that reactions that have competing
single electron transfer process can now readily and easily cat-
alyze reactions that typically undergo 2e” redox process.”

The reduction of carbonyls and their derivatives into alco-
hols is an important transformation in organic synthesis and
has found widespread use in the chemical industry.® While, the
reduction of aldehydes and ketones to their respective alcohols
have been broadly studied and can be achieved under facile and
mild conditions, the reduction of esters to alcohols with a
broad substrate scope and employing non-precious metals
remains a challenge. Typical methods employed in the
reduction of esters include hydrogenation,® use of strong redu-
cing agents (e.g., LiAlH,;, NaBH,)"" or hydrofunctionalization
(i.e., hydroboration,"* and hydrosilylation'?). From the perspec-
tive of atom-economy, hydrogenation is the most attractive
option, but reaction conditions typically employ high pressure
and temperature. Metal-catalyzed hydrofunctionalization pro-
vides an alternative, and synthetically viable, method to effec-
tively and efficiently reduce esters into alcohols. There are
several reports of metal catalyzed hydrosilylation of esters'® but
opportunities exist to improve upon recent progress, especially
in the application of earth abundant transition metals as cata-
lysts in this transformation. Moreover, reports of metal com-
plexes involving redox active ligands in the reduction of esters
via hydrosilyation remain limited,'* especially in comparison to
other transformations where their use is extensive.'**”%**~¢

Our group has been actively pursuing applications of earth
abundant transition metals (M = Fe,'® Ni,"” Co'®) in catalytic
hydrofunctionalization chemistry. We have previously reported
the syntheses of two “PPBIANFe complexes: “PPBIANFeCl, and
dPPBIANFe(C,Hg) (BIAN = 1,2-((bis-2,6-diisopropylphenyl)
imino)acenaphthene)'®® in which the acenaphthene backbone
provides a rigid scaffold for the Fe complex (Scheme 1). The
latter was found to be active in the hydrosilylation of aldehydes
and ketones under solvent and additive free conditions. In
2016, Hoyt and coworkers reported dPPBIANFeBr, which is,
after activation with alkali metal salts, capable of the hydro-
silylation of 1-hexene (Scheme 1)."° In 2017, von Wangelin
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Scheme 1 Examples of “°PBIAN[Fe] in hydrofunctionalization catalysis.

reported that the addition of 3 equivalents of n-BulLi to a solu-
tion of YPPBIANFeCl, in toluene generated an anionic (but
otherwise unknown) [Fe] species which was catalytically active
in the hydrogenation of alkenes (Scheme 1).° Intrigued by
this report, we wondered if a similar approach could be used
in the reduction of esters.

Initially, we chose methyl benzoate as a model substrate to
explore hydrogenation of esters. Thus, we exposed a reaction
mixture of methyl benzoate, 10 mol% 9PPBianFeCl, and
30 mol% n-BuLi in toluene to H, at 20 bar pressure; the reac-
tion mixture was heated at 100 °C. Analysis of the reaction
mixture by GC-MS after 24 h showed little to no reaction had
occurred. Increasing the applied H, pressure to 100 bar simi-
larly afforded no reaction. Next, we began to explore hydrosilyl-
ation as a reduction method; initially a variety of silanes were
screened for activity. Initial screening of the catalytic trans-
formation of methyl benzoate in the presence of silane was
performed using 10 mol% “PPBIANFeCl,, 30 mol% n-BuLi,
and 3 mmol polymethylhydrosiloxane (PMHS); 100% conver-
sion of methyl benzoate (2a) was observed when the reaction
mixture was analyzed by GC-MS after 20 h. Lowering the cata-
lytic loading to 1 mol% did not substantially affect catalytic
performance as 97% of benzyl alcohol was formed under
otherwise identical reaction conditions.*

Subsequently, we investigated the influence of different
types of redox active (and redox inactive) ligands (Scheme 2).
No significant difference was observed employing either PDI
(L,) or ™**DAB (L3) as the supporting ligand. The reactions per-
formed using either FeCl,/L, or FeCl,/L; afford excellent yields
of benzyl alcohol under our optimized reaction conditions.
When FeCl,/L, (bipyridine) was used as the catalyst, only 62%
of benzyl alcohol was formed (Scheme 2). Little to no reaction
was observed when redox innocent NHC-based ligands (Ls and
Les) were employed. This implies that the electronic nature
(redox innocent vs. non-innocent) of the ligand may play an
important role in facilitating this catalytic transformation.
With these results in hand and our prior work with the BIAN
(L) framework'®® we decided to pursue further studies
employing MCl,/L;.

The effect of changing the metal on catalysis was also
tested. Different metal salts, M>** (M = Cu, Mn, Co, and Pd),
were complexed with L; (Table 1, entries 1-5). Mn showed
good activity as the reaction yielded 95% of benzyl alcohol.
Interestingly, little to no reaction was observed when com-
plexes of Pd and Cu were used. Commercially available iron
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Scheme 2 Ligand effects on catalytic hydrosilylation of methyl benzo-
ate. Yields determined by GC-MS.

Table 1 Optimization with various metals

it 1 mol % [M]
©)\o/ v PMHS 3 mol % n-BuLi gOH + MeoH
Toluene, 100 °C
2a 20h 3a 32

1.0 mmol 3 mmol
Entry [M] Conversion® (%)
1 dPPBIANFeCl, 97
2 dPPBIANCOCI, 44
3 dPPBIANMNC], 95
4 dPPBIANCUC, 0
5 dPPBIANPACI, 0
6 Fe(acac); 44
7 F e(OTf) 3 0
8 C,H;FelO, 16
9 9IPPBIANFe(n°-C,Hyg)? 29

”Ylelds determined by GC-MS employing mesitylene as internal stan-
dard. ? No alkyllithium present.

salts such as Fe(acac);, Fe(OTf); and cyclopentadienyliron
dicarboxyl iodide (C,HsFelO,) showed little to moderate
activity, and 9PPBIANFe(n°®-C,Hg) which was previously reported
by our group to be highly active in hydrosilylation of carbo-
nyls'®® yielded only 29% of benzyl alcohol in the absence of
n-BuLi.

The use of a range of sterically and electronically diverse
silylating reagents was examined (Table 2). GC-MS analysis of
the reaction mixtures showed excellent conversion of methyl
benzoate when phenylsilane and triethoxysilane were used.
Moderate activity was observed when 1,1,3,3-tetramethyl-
disiloxane (TMDS) and diphenylsilane were used as the silylat-
ing reagents.

With optimized conditions in hand, we screened a wide
variety of esters bearing electron donating, electron withdraw-
ing, and halide substituents, N-heteroarenes, alicylic, and ali-
phatic esters were also explored in an effort to show the
general applicability of our method (Scheme 3). In most cases,
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Table 2 Screening of various silylating reagents

o 1 mol % %PPBianFeCl,
©)ko/ . s _3mol%nBuli @” OH ., 1e0H
Toluene, 100 °C
20h
2a .
1.0 mmol 3.0 mmol 3a sa

Entry [Si] Yield® (%)
1 PMHS 97
2 Ph,SiH, 29
3 PhSiH, 80
4 (EtO),SiH 85
5 TMDS 54

“Based on GC-MS analysis employing mesitylene as an internal
standard.

1 mol % %PBianFeCl, (1)
3 mol % n-BuLi
— ST R N0l + R,—OH

o
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Scheme 3 Substrate scope for hydrosilylation of esters. Isolated yields;
?values in parentheses represent GC-MS conversion employing mesity-
lene as an internal standard.

good to excellent isolated yields were obtained except for 2h,
where no reaction was observed. N-Heteroarenes bearing ester
substrates showed limited reactivity (21, 7% and 2m, 10%).
Saturation of the a,§ double bond was observed for trans
methyl cinnamate (2n); and mixtures of alcohols from hydro-
silylation were also observed.

Trovitch and coworkers have recently proposed a mecha-
nism in which a radical transfer and abstraction of H atom
occurs in the hydrosilylation of esters in the presence of a
manganese catalyst supported by a redox active ligand (PDI);
the final silyl ether product arises from the subsequent hydro-
silylation of the aldehyde generated in situ after B-alkoxide
elimination.'*® In subsequent work, these authors employed
detailed experimental and computational analysis to show that
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radical transfer led to the deactivation of the catalyst."*” In an
effort to elucidate the mechanistic details in our system, FTIR
and EPR studies were conducted. In particular, the role of
n-BuLi was one we wished to address.

The direct reaction of “PPBIAN with #-BuLi to generate a
radical (dearomatized) BIAN backbone has been reported in
the literature.”” Treatment of “PPBIAN with one equivalent of
n-BuLi in hexanes or diethyl ether has been reported to give
the  crystallographically  characterized — “PPBIAN(n-Bu)Li
(Scheme 4).** An additional equivalent of n-Buli gives
[{“PPBIAN(n-Bu)Li}n-BuLi],, which exists as a dimer in the solid
state. EPR analysis of a solution of YPPBIAN in toluene after
addition of 1 equivalent of n-BuLi revealed an EPR signal with
hyperfine coupling (Ax.14 = 4.31 G, Ar;67 = 3.84/3.87 G) and
g-factor of 2.003 which implies the presence of an organic
radical (Fig. 1) that is perhaps more consistent with a “’PPBIAN
radical anion.”® The paramagnetic nature of this product
seems initially at odds with the results of Fedushkin et al.*
The major difference between the two experiments is in the
choice of solvent and the concentration. Here, toluene was
used, and the concentrations were much lower than those
used in the preparation and isolation of “PPBIAN(n-Bu)Li. If
the reaction begins with a single electron transfer to the
dPPBIAN ligand, the resulting butyl radical can either react
with the “PPBIAN radical anion, or abstract hydrogen from a
solvent molecule. Here, the lower concentration allows for the
observation of the presumed “PPBIANLi radical as shown in
Scheme 4. Addition of subsequent aliquots of n-BuLi resulted

P,
T . Li"H/

AN Li,
dpp-N_ N— 9PP 7 N\y— dpp
¢ N\

. dpp<N< L
e

(Observed in this work)

dpp-~, — dpp
LN

. n-Buli

n-BuLi

[{*PBIAN(n-Bu)Li}n-BuLil;
(Fedushkin et. al, 2006)

9PPBIAN(n-Bu)Li
(Fedushkin et. al, 2006)

Scheme 4 Known and proposed reaction pathways of PPBIAN with
n-Buli.

3345 3355 3365 3375 3385 3395
Magnetic Field (mT)

Fig. 1 X-band EPR spectra of “°PBIAN with 1 eq. of n-BulLi in toluene at
298 K. Top: Simulated. Bottom: Experimental.
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in a significant decrease in the intensity of the EPR signal
(Fig. S1t). Similarly, titration of n-BuLi was performed on
dPPBIANFeCl, and EPR spectra recorded after each addition of
n-BuLi. YPPBIANFeCl, was found to be EPR silent. A weak
signal with hyperfine coupling of 4.2 G (g factor = 2.003) to
two equivalent "N nuclei was observed when 1 equiv. of
n-BuLi was added to the reaction mixture. An additional equi-
valent of n-BulLi led to a signal of higher intensity with a broad
coupling pattern (Fig. 2). This spectrum can be simulated with
the convolution of two EPR active species with g-factors of
2.003. The first contains hyperfine coupling to a single '*N
(A =4.2 G) and ®’Li (4 = 3.7 G). The second is a broad EPR
signal. The signal increases with the addition of the third equi-
valent of n-BuLi (Fig. S21). The hyperfine coupling remains the
same, but the contribution from the species with the broad
EPR features increases. A possible model for this could be
competing ligand metathesis and complex reduction at each
step (Scheme 5).

FTIR data of the sample which was taken upon addition of
a stoichiometric amount (relative to the catalyst) of methyl
benzoate to the solution after activation of the catalyst with 3
equiv. of n-BuLi revealed a change in the stretching mode of
the v._, band of the ester (Fig. S3 and S47), and the appearance

3345 335.5 336.5 337.5 338.5 339.5
Magnetic Field (mT)

Fig. 2 X-band EPR spectra of “PPBIANFeCl, with 3 eq. of n-Buli in
toluene at 298 K. Top: Simulated. Bottom: Experimental.
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. \ N/ .
. - . -BuLi n-BuLi l
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Scheme 5 Proposed reaction pathways of “PPBIANFeCl, with n-BulLi.

Black reaction arrows depict metathesis steps, blue reaction arrows
depict complex reduction.
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of a new peak at 1653 cm™' suggesting an interaction of the
(now) active catalyst with the ester. This coordination could be
presumed to be an initial step prior to the cleavage of the C-O
bond. A comprehensive study is currently undergoing in our
laboratory to isolate intermediates, and understand the role of
the redox active ligand, “PPBIAN, in the hydrosilyation reac-
tions of esters.

In conclusion, we have shown that hydrosilylation of esters
can be achieved upon activation of “PPBIANFeCl, with 3 equiv.
of n-BuLi. Electron donating, electron withdrawing, aliphatic,
and alicyclic esters were tolerated and good to excellent reac-
tion yields were observed. Preliminary work suggests the possi-
bility of the involvement of radical transfer in catalysis.
Further investigation employing both computational and
experimental studies, designed to more fully understand the
mechanism, are currently ongoing in our laboratory.
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